Iron(III)-5-fluorosalicylic acid systems were investigated in water by pH potentiometry combined with UV-VIS spectrophotometry. The data revealed that stable aquated mono-, bis-, and tris(5-fluorosalicylato) iron(III) complexes are formed together with their monohydroxo and dihydroxo analogues. The stability constants of all present iron(III) species were calculated. Based on pH and the metal : ligand ratio dependent distribution of the species, electronic absorption spectra of the complexes in the visible region were obtained. Redox stability was monitored as an ability to undergo both spontaneous and photoinduced reduction of iron(III) to iron(II). Complexes do not undergo any redox changes when in dark neither in methanol nor in water. While aqueous solutions of complexes are stable under the influence of incident visible radiation, steady-state irradiation of the methanolic systems by visible light led to photoreduction of iron(III) to iron(II), the quantum yield of iron(II) photoformation was determined.
Introduction
Data on iron(III) salicylates have found their utilization in industrial, biological, analytical and environmental applications. As an example of industrial application, heterometallic Ce(III)-Fe(III)-salicylates acting as corrosion inhibitory layers on steel surfaces (Deacon et al., 2002 ) may be introduced.
Salicylic acid and its derivatives are commonly used radical scavengers, reacting rapidly with singlet oxygen molecules, hydroxyl OH . , superoxide O .− 2 and hydroperoxyl HO .− 2 radicals (Rose & Waite, 2005; Ma, 2005; Karnik et al., 2007) frequently produced by iron(III) involving processes in living organisms or environment (Demouget et al., 2000; Zhang et al., 2006) . In studies devoted to the Parkinson's disease treatment, the effect of iron(III) compounds on OH . radical production has been investigated through salicylate hydroxylation (Obata, 2006) . Similar procedure consisting of simultaneous application of iron(III) suppressing the formation of free hydroxyl OH . radicals (in extracellular fluid of rat myocardium) and sodium salicylate scavenging the radicals was described (Obata & Yamanaka, 2002) . It should be pointed out that the interaction of iron(III) and salicylate anions has not been considered. Iron(III) can be reduced in its oxide and salicylate forms to iron(II) by various bacteria under anaerobic conditions (Boneville et al., 2003) .
The importance of iron(III) reduction by the superoxide radical O
. − 2 , formed by photochemical processes in seawater has been highlighted in Rose & *Corresponding author, e-mail: sipos.rastislav@stuba.sk Waite (2005) . Among the iron(III) complexes playing the role of an iron(III) source, salicylates belong to the most reactive.
Salicylic acid is a frequently used reagent for analytical determination of iron(III) (Martelli et al., 1995) . A new dimension in analytical chemistry was documented by Albertus et al. (2000) , describing a robust multisyringe system in process flow analysis in metallurgical solutions. Another kind of application, flow-injection spectrophotometric assay of iron(III) using a salicylate-containing reagent concerns the analysis of pharmaceutical preparations (Udnan et al., 2004) .
Iron(III) salicylato complexes are well-known species and their properties, in particular their thermodynamic stability and spectral properties have been exploited for a long time. Our orientation on solution properties of iron(III) complexes with 5-fluorosalicylic acid was stimulated by several factors.
First of them is the well-known therapeutic activity of salicylic acid, its derivatives (e.g. aspirin) and complexes observed and utilized for many decades (Palanisami et al., 2006; Szabó-Plánka et al., 2008) . A general requirement to optimize the therapeutic agents composition to obtain a maximum cure and minimum adverse effects via lowering the amount of the agents, has led to the investigation of solution properties of several families of complexes, including salicylates. In this field, several key questions have, however, not been answered yet. As an example, in the up-to-now accumulated results, the existence of mixed ligand iron(III) hydroxo salicylato complexes was not taken into account (Lajunen et al., 1997; Jahagirdar, 1974; Martell & Smith, 1989) in spite of the known strong acidity of the [Fe(H 2 O) 6 ] 3+ cation. Apparently the only exception is presented in the paper (Ernst & Menashi, 1963) where the presence of the hydroxo complex [Fe(OH)L] is suggested in the pH range 2-2.8. The issue of soluble hydroxo complexes is of crucial importance when discussing the possibilities of in vivo application, i.e. at pH close to 7.
A further stimulus lies in the empirically recognized but theoretically not fully explained fact that within several structurally similar families of therapeutically functioning compounds, fluoroderivatives are frequently the most effective. This conclusion can be exemplified by quinolones used in the treatment of several diseases along with salicylates (Hooper & Rubinstein, 2003) .
In the present work, the study of the iron(III) complexes of 5-fluorosalicylic acid in aqueous solution is reported on. Our studies were aimed at identifying the species formed in the investigated systems and at characterizing the ligand coordination mode. Due to the importance of photochemical stability for practical application, the redox stability of the investigated systems was monitored both in the dark and in the presence of visible light.
Experimental

Materials
The ligand, 5-fluorosalicylic acid (analytical grade), was purchased from Aldrich Chemical Co. It is symbolized by H 2 L in its neutral form representing the composition of various complexes. Fe(NO 3 ) 3 · 9H 2 O (analytical grade) was purchased from Aldrich Chemical Co. Doubly deionized water and methanol freshly distilled from Mg(OCH 3 ) 2 were used as solvents. Other reagents were of analytical grade, supplied by Aldrich Chemical Co. or Lachema Ltd., Brno, Czech Republic and used as received.
The precise concentrations of HClO 4 , NaOH and Fe(NO 3 ) 3 in their stock solutions were determined by standard titration methods (Harvey, 1999) .
Combined pH-potentiometric and spectrophotometric titrations
The protonation equilibria in aqueous solutions were investigated in the pH range of 1-11, while those in the presence of metal ions in the range of 1-5.5 since at higher pH precipitation of hydroxo-oxo iron(III) compounds occurred. Details on the spectrophotometric measurements and pH-potentiometric titrations are reported in our previous paper (Szabó-Plánka et al., 2008) . The used glass electrode was calibrated via the modified Nernst equation (Rossotti & Rossotti, 1961) :
where J H and J OH are fitting parameters in acidic and alkaline media, respectively, for the correction of experimental errors caused mainly by the liquid junction, and the alkaline and acidic errors of the glass electrode; K w = 10 −13.75 being the autoprotolysis constant of water (Högfeldt, 1982) . The parameters were calculated by the non-linear least squares method. The protonation equilibrium of H 2 L was studied under similar conditions also in 1 : 1 methanol : water mixture. The present experiments form a part of a series where not all ligands and complexes are satisfactorily soluble in pure water. For comparison, measurements in solvent mixtures were also performed within the data.
The protonation constants were determined from 3 independent titrations (100-120 data points per titration). The complex formation constants were evaluated from 4 independent titrations (60-90 data points per titration). The corresponding protonation constants K a were calculated using the PSEQUAD computer program (Zékány et al., 1991) .
The total number of absorbing complexes present in a solution considering the given conditions was estimated applying the graphical method described in (Momoki et al., 1969) and also by determining the matrix rank using triangularisation of the absorbance matrix (our own version of a TRIANG program (Hartley et al., 1980) ). Distribution of the species in solutions was calculated using the PSEQUAD program.
The dependencies of absorptivity on pH were processed for all spectrophotometrical experiments with different metal : ligand ratio simultaneously at 47 wavelengths by non-linear regression. The VIS electronic absorption spectra of individual iron(III) 5-fluorosalicylato complexes and their stability constants were obtained.
Redox stability under dark and photochemical conditions
Solutions of the investigated complexes in water or methanol were stable when in dark, no spectral change or iron(II) formation were observed for several days. Aqueous or methanolic solutions with the total c(Fe
−3 mol dm −3 were irradiated with visible light (350-600 nm) in a three-compartment temperaturecontrolled ((20 ± 1)
• C) quartz photoreactor (Applied Photophysics). Radiation of the high-pressure 150 W Hg-lamp was filtered passing through a saturated aqueous solution of CuSO 4 . The irradiated solution was deoxygenated by purging with argon 30 minutes prior to and also during the irradiation. Intensity of the incident monochromatized radiation was determined using ferrioxalate and Reinecke's salt actinometry performed before and after each series of photolytic experiments.
Radical formation was monitored by the spintrapping EPR technique using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and nitrosodurene (ND) as spintraps. The course of the photoredox change was monitored by electronic absorption spectroscopy as time evolution of c(Fe II ), details are described in our previous papers (Šima et al., 1999; Renz et al., 1995) .
Results and discussion
To obtain information on the species present in solutions of kinetically labile complexes, three experimental techniques, namely potentiometric titration, UV-VIS absorption spectroscopy, and two-dimensional EPR spectroscopy, are usually applied (Szabó-Plánka et al., 2008) . In case of high-spin iron(III) complexes, the techniques used are reduced only to the two former ones. In addition, LF bands of spin-forbidden transitions of such complexes are of very low intensity (usually with the molar absorptivity of ε < 1 mol −1 dm 3 cm −1 ), overlapped by more intense LMCT or IL bands (Šima & Makáňová, 1997) . Thus, contrary to e.g. copper(II) or nickel(II) complexes, LF bands cannot be applied to reveal any structural information.
In this work, potentiometry and electronic absorption spectroscopy were applied to obtain the acidity constant of ligand 5-fluorosalicylic acid (H 2 L), stability constants of iron(III) species present in the investigated systems, speciation of the species in dependence on pH and the central atom : ligand molar ratio, and the electronic absorption spectra of individual iron(III) containing species.
Protonation and iron(III) complexation of 5-fluorosalicylic acid in aqueous solution as studied by the combined pH-potentiometric and spectrophotometric method
The protonation constant of the carboxylic group of unsubstituted salicylic acid is 2.82 ± 0.28 at 298 K and 0.1 mol dm −3 ionic strength (Lajunen et al., 1997) . pK a for the phenolic hydroxy group of 5-halogenosalicylic acids falls between 12 and 13, as a consequence of their strong intramolecular hydrogen bond (Mentasti et al., 1980; Gupta et al, 1981; Corigli et al., 1982) , it is too high to be precisely determined by pH-potentiometry. The proton loss of this group of the free ligand does not play any role at pH below 11, where our measurements were carried out. On the other hand, for most complexes, the coordination of L 2− is assumed based on the conception of the phenol OH group being deprotonated due to the ligand coordination (Martell & Smith, 1989) . As for iron(III) salicylato complexes in solutions, both types of coordination, i.e. L 2− and HL − , have been suggested in literature (Martell & Smith, 1989; Poulias et al., 1986) . The same ambiguity follows from the crystal and molecular structures of iron(III) complexes (moreover, only a few structures are published). For example, the molecular structure of catena-(heptakis(µ 2 -salicylato-O,O ,O )-tetrakis(2,2 -bipyridyl)-(salicylato)-undecaaqua-tetrairon(III)-dicerium(III)bis(2-hydroxybenzoate) ethanol solvate trihydrate documents that salicylato ligands are coordinated to the iron(III) central atom as HL − (via protonated phenolic OH group) (Deacon et al., 2002) , but in diaqua-(N,N -bis(2-hydroxy-3-
4 )-iron(III) chloride trihydrate, the deprotonated phenolic oxygen atom is a donor atom (Zarembowitch et al., 1982) .
Complying with the majority of the salicylato ligand coordination descriptions, the L 2− form was accepted in this paper. pK a of the carboxylic group of 5-fluorosalicylic acid in aqueous solution, calculated from the ligand titration curves, was 2.60 ± 0.01 which is in good agreement with the value of 2.70 presented in literature (Poulias et al., 1986) . In a 50 vol. % wa- ter/methanol mixture, this pK a was 3.06 ± 0.01 determined by pH-potentiometry. The pK value followed the general trend (Lajunen et al., 1997 ) of a slight decrease due to the presence of a halogen atom when compared with unsubstituted salicylic acid. The limited solubility of the ligand in water allowed to carry out the pH-potentiometric titrations at the ligand concentrations approaching the maximum of c(H 2 L) = 2 × 10 −3 mol dm −3 . Therefore, a careful planning of the titration experiments was necessary in order to be able to precisely follow the metal ion induced processes, to achieve a ligand excess but still cover as broad a pH range as possible, and to have absorbance high enough for the combined potentiometric and spectrophotometric measurements. Under such circumstances, the maximum ligand : metal concentration ratio was 10 : 1. The pH-potentiometric titration curves measured at 1 : 1, 1 : 3, 1 : 5, and 1 : 10 metal : ligand total concentration ratios are depicted in Fig. 1 (in all cases, a strong acid was added to the solution before titration in order to ensure acidic conditions at the beginning of the measurement). Under the mentioned conditions, neither supersaturated solutions nor insoluble hydroxo-oxo iron(III) compounds were formed, these phenomena were observed only at pH > 6.
Aquated − ) = 34.4 (Kotrlý & Šucha, 1988) were considered for the sake of model completeness. The constants were recalculated considering the ionic strength I = 0.1 mol dm −3 according to the SIT pro- cedure (Grenthe, 1992) and their values were: 11. 17, 21.23, 28.75, 33 .1 for logβ 1 , logβ 2 , logβ 3 , and logβ 4 , respectively. Electronic absorption spectra variation due to gradual increase of the volume of added NaOH solution were exemplified by the systems with c(Fe 3+ ) : c(H 2 L) = 1 : 1 or 1 : 3 and shown in Fig. 2 and 3 , respectively.
It should be pointed out that there is no actual isosbestic point in Fig. 2 . It is documented by the curve in the insert picture showing that the absorbance at λ > 530 nm first increases with increasing pH and later (pH > 2.2) slightly decreases. The absence of isosbetic points in Fig. 2 and Fig. 3 is in accordance with the fact that more than two lightabsorbing complexes are in equilibrium.
Determination of the total number of absorbing species must be an essential part of such a study. To reach this goal, several graphic and numeric procedures are at disposal. Graphic procedures are based on transformations of the measured curves to straight lines or a set of straight lines. Numeric procedures establish the range of the matrix used to describe the experiment by a set of equations. Analysis of the obtained data based on the procedures described in liter- ature (Beck & Nagypal, 1989; Meloun & Havel, 1985) was performed. This determination shows that there is no experimental condition range where the system of species can be considered as a simple system with less than three absorbing species; this conclusion was applied in the chemical model elaboration.
A subsequent simulation of a system of lightabsorbing species was carried out simultaneously for all solutions considering 24 wavelengths in the range of 430-700 nm. When elaborating models, the simplest system of species formation describing the experiment with sufficient precision was searched for.
When processing the experimental results, the coordinated ligand was considered as L 2− and both, aqua and hydroxo, complexes were taken into account. In a parallel way, HL − was included in the calculation. Both methods provided almost identical compliance of the models and experiment (dispersions of regression curves were similar). This fact did not allow to decide which of the models was more reliable and, in addition, it was not possible to determine the acceptability of the treated models even based on potentiometric experiments. Moreover, one cannot a priori exclude coordination of salicylic acid either as L 2− or HL − . The description of complexes with coordinated L 2− is, however, more frequent and consistent with the majority of published results and it was applied as well. Models involving HL − may, in future, complete the conceptions of such systems, if new and more adequate experiments are applied.
Treatment of the experimentally obtained data by the programs mentioned in the experimental section led to the stability constants of individual complexes, summarized in Table 1 .
Data for iron(III) complexes of salicylic acid and 
its halogenated derivatives were compiled in literature (Lajunen et al., 1997) , and for 0.1 M NaClO 4 , the data are given in Table 2 . In spite of the fact that mixed-ligand hydroxo species were not considered in the systems of complexes with halogenosalicylic acid (Lajunen et al., 1997) , the results are still in good agreement with the above data.
Simultaneously, the electronic absorption spectra of individual complexes were obtained. The spectra are shown in Fig. 4 . Table 1 , at 1 : 1 ligand to metal ratio:
It follows from the stability constants values (Table 1) that the coordination of 5-fluorosalicylato ligand(s) enhances the tendency of coordinated water molecules to undergo hydrolysis leading to the mixed ligand hydroxo complex formation. A similar tendency was revealed and rationalized also for other systems of iron(III) chelates (Šima et al., 2006) . The complex stoichiometries can be determined from the amount of hydroxide ions consumed by protons released upon complex formation in a fairly straightforward manner. Since by pH-metry it is not possible to distinguish between the protons released from the organic ligand, and the coordinated water molecules; spectrophotometry, considering the LMCT (phenolate-O − → Fe 3+ ) bands being situated in the 400-600 nm range, was applied. Therefore, the spectrophotometric data in the visible range proved useful in the construction of the species matrix. Our data, and also the literature data on salicylic acid provide a clear proof of deprotonation of the phenolic OH at very low pH values.
Calculated values of stability constants allow to prepare solutions with targeted distribution of individual species with one dominant complex. As examples, Figs. 5 and 6. present the distribution of individual 5-fluorosalicylato complexes (for the sake of simplicity, the species not containing 5-fluorosalicylato ligands were not included). It is obvious that there is a possibility of preparing systems with dominant concentration of the complex with one 5-fluorosalicylato ligand [FeL] + (Fig. 5) , and two such ligands [FeL 2 ] − (Fig. 6 ). Since the ligand allows only very small concentration of uncomplexed iron(III), in such diluted solutions, dimerization was considered to be negligible. To prepare a system with a dominant neutral [FeL 3 ] 3− complex, the total concentration of 5-fluorosalicylic acid would have to be higher.
Iron(III) 5-fluorosalicylato complexes in water or methanol are redox stable in dark. Their irradiation by visible light in methanol causes photoreduction of iron(III) to iron(II) characterized by the quantum yield of the order 10 −3 . The aqueous solutions are photochemically stable. This observation is of practical importance as it documents that the investigated complexes can be handled in day light (contrary to some other iron(III) chelates, e.g. oxalates, which are highly photosensitive and must be protected from light (Šima & Makáňová, 1997) ). Applying spin-trapping EPR using DMPO or ND spin-traps, no radicals were identified, which is not surprising based on the welldocumented ability of salicylato group to act as a very efficient scavenger of OH radicals (Obata, 2006) .
The knowledge of electronic absorption spectra of individual complexes and their distribution enable us to study photochemical properties of individual lightabsorbing species, which is, however, beyond the scope of this paper.
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